We demonstrate a quasi ballistic switching of the magnetization in a microscopic magneto resistive memory cell. By means of time resolved magneto transport we follow the large angle precession of the free layer magnetization of a spin valve cell upon application of transverse magnetic field pulses. Stopping the field pulse after a 180° precession rotation leads to magnetization reversal with reversal times as short as 165 ps. This switching mode represents the fundamental ultra fast limit of field induced magnetization reversal.
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The fundamental ultra fast limit of field induced magnetization reversal in ferromagnets is directly related to the precession frequency of the magnetization (1) upon application of a magnetic field pulse. When applying a field oriented mainly antiparallel to the initial magnetization M, M has to undergo multiple precessional oscillations about the local effective field to reach full alignment with the reversed equilibrium direction (2, 3, 4) . The resulting reversal times are thus considerably longer than one precession period and are generally of the order of nanoseconds. A novel approach towards ultra fast magnetization reversal is the so-called precessional switching of magnetization (5, 6, 7, 8, 9) . Here, application of fast rising field pulses perpendicular to the initial direction of M initiates a large angle precession (10, 11, 12) that is used to reverse the magnetization. The ultimate switching speed could then be reached by stopping the field pulse exactly after a 180°p recessional rotation (7, 8) . This way, magnetization reversal in microscopic magnetic memory cells by field pulses as short as 140 ps has recently been demonstrated (13, 14) .
However, due to the lack of time resolution in these experiments the effective reversal times are yet unknown and could be limited to several nanoseconds by the decay time of residual magnetic precession ("ringing") upon field pulse termination (10, 11, 12) . According to theoretical predictions (8) , however, an exact control of the pulse parameters should allow to switch the magnetization on so-called ballistic trajectories characterized by the absence of ringing and thus to reach the fundamental limit of reversal speed.
In this letter, we experimentally explore the fundamental limit of ultra fast magnetization reversal times in a microscopic memory cell. By measuring the time resolved magneto resistance response of a spin valve during application of transverse field pulses we follow the pronounced precession of the cell's free layer magnetization. Stopping the field pulse exactly after a half precessional rotation induces a quasi ballistic reversal characterized by switching times as short as 165 ps and, within measurement accuracy, by a complete suppression of long wavelength magnetic excitations after field pulse decay.
An optical micrograph of a microscopic magnetic cell used in our experiments is shown in Fig. 1(a) . The stadium shaped spin valve (SV) of 5 µm x 2.3 µm lateral dimensions consists of Ta 65Å / NiFe 40 Å / MnIr 80 Å / CoFe 43 Å / Cu 24 Å / CoFe 20 Å / NiFe 30 Å / Ta 8 Å. The exchange bias field defining the direction of the pinned magnetic layer and the magnetic easy axis of the free layer are oriented along the long dimension of the cell. The electrical contacts (C1,C2) allow to measure the cell's giant magneto resistance and thus to derive the average angle between the magnetization of the free and of the pinned layer (15) . Due to the overlap between the contact pads and the SV the measured magneto resistance (MR) is dominated by the magnetization orientation in the 2.1 µm wide center region not covered by the two contacts. The field pulses H Pulse are generated by current pulse injection into a buried pulse line (PL). All electrical lines are integrated into high bandwidth coplanar waveguides. Flowing a DC current through the SV during pulse application allows to measure the SV's ultra fast MR response using a 50 GHz sampling oscilloscope (16) . The current pulses are characterized after transmission through the device using a second oscilloscope channel. As sketched in Fig 1 and N Z /4π = 0.99733 (out of plane) as suitable for the free layer geometry. Furthermore, the usual saturation magnetization 4πM S = 10800 Oe is assumed for permalloy. The calculated dependence of f Prec (H Pulse ) given by the gray straight line is in good agreement with the calculated resonance frequencies of the SV's free layer. The MR signal is clearly dominated by the free layer precession and not by the dynamics of the pinned layer of the SV (19) . In the following interpretation of the time resolved data we thus neglect the pinned layer dynamics and directly calculate m X the component of M along the easy axis from the measured MR signal (15, 20) .
To model the time dependence of the magnetization response to the ultra short hard axis pulses we solve the Landau-Lifshitz-Gilbert equation (1) ( )
in the single spin (or macro spin) approximation. Here, γ is the gyromagnetic ratio, and α, M S , the damping parameter and the saturation magnetization, respectively. The free layer is again modeled using the demagnetizing factors, saturation magnetization, and damping parameter given above. Furthermore, the pulse parameters used in the simulations mimic the shape and amplitude of the experimental pulses.
The simulated magnetization response to a 81 Oe field step along the in-plane hard axis is displayed in Fig. 2(d Fig. 3(b) whereas the measured (gray) and calculated (black) magnetization responses are given in Fig. 3(c) where m X is plotted as a function of time. The measured time evolution of m X is well described by the simple simulation. The short pulse induces precessional switching of the magnetization with ultra short measured reversal time (-0.9m Z to +0.9m Z ) T Switch = 165 ps. Furthermore, no significant precession after pulse decay is present in m X neither in the measured data nor in the simulation and long wavelength magnetic excitations after pulse decay ("ringing") are suppressed. The pulse very nearly matches the half precessional turn T Pulse ≈ ½·T Prec and, thus, the magnetization switches quasi ballistically (8) i.e. with a close to optimum trajectory towards the reversed direction. This quasi ballistic switching represents the fundamental ultra fast limit of field induced magnetization reversal for the given field amplitude.
The trajectory in Fig. 3(d) is the calculated response to a 205 Oe, 240 ps pulse.
Due to the higher field and longer pulse duration time M now performs a full 360° rotation about H Pulse before the pulse decays. Upon pulse termination, M is in this case oriented near the initial easy direction M i and relaxes towards the latter. Therefore, in spite of strong precession during pulse application no effective magnetization reversal takes place. The corresponding pulses and magnetization responses are found in Fig. 3(e,f) , respectively. Now, during pulse application, m X oscillates from the initial direction to the reversed orientation and back. The pulse matches here a full precessional rotation T Pulse ≈ T Prec . Again, only little ringing is found following pulse termination.
For weak damping and sufficiently high field strengths (7, 14) higher ratios of T Pulse /T Prec can reveal consecutive regions of precessional higher order switching and non switching. Switching then occurs whenever T Pulse ≈ (n+½)·T Prec with n = 0,1,2,... being the order of the switching event. In contradistinction, no effective cell reversal will occur whenever T Pulse ≈ n·T Prec . This effect can be clarified using the macro spin trajectory in Fig. 2(d) . Stopping the pulse at a point of the precession trajectory with a positive value of m X (i.e. on the right hand side of the dashed vertical line m X = 0) will lead to relaxation into the reversed magnetization state (switch) whereas pulse termination at m X < 0 will result into relaxation back to the initial state (no switch).
This oscillatory nature of precessional switching by hard axis pulses is well observed in Fig. 4. In (a is not fully aligned with the reversed easy direction upon pulse termination resulting in a residual precession upon pulse termination (see arrows (1) ). For the given pulse, full alignment of M with the final easy axis direction takes more than 1 ns. The precession limited effective reversal time is thus considerably longer than the switching pulse duration of only 305 ps. This underlines the importance of a precise control of the pulse parameters to achieve ultra fast quasi ballistic switching.
The multiple oscillations of M about H Pulse for longer pulses can also be seen in Fig. 4(b) . The oscillation maxima of m X (light regions running vertically) are marked by the black dots and numbers 0-3 on the upper border of the gray scale plot. The pulse duration is indicated in the data by the inclined dotted line. Pulse decay at a maximum of m X (i.e. with M oriented near the reversed easy direction) inevitably leads to relaxation to the reversed easy axis direction i.e. to high order precessional switching (white horizontal regions after pulse termination with switching order n). On the contrary, pulse decay at a minimum of m X (i.e. with M oriented near the initial easy direction) always leads to relaxation towards the initial direction of M (gray horizontal regions) and no effective switching is monitored. Again, near the transitions from switching to non-switching the alignment of M and the final easy axis direction is poor and a pronounced ringing of the magnetization upon pulse decay occurs (see e.g. arrows (2)).
Concluding, we have experimentally reached the fundamental ultra fast limit of field induced magnetization reversal of a microscopic magnetic memory cell. Quasi ballistic magnetization switching with ultra short reversal times of only 165 ps was demon- m X , m Z are the normalized components of M along the easy axis, and out of plane, respectively (cp. Fig. 1(b) ). 
